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The expressions for the differential cross section and of the polarization observables 
for the reaction p + p — )• e"*" + e~ are given in terms of the nucleon electromagnetic 
form factors in the laboratory system. Radiative corrections due to the emission of 
virtual and real soft photons from the leptons are also calculated. Unlike the center- 
of- mass system case, they depend on the scattering angle. Polarization effects are 
derived in the case when the antiproton beam, the target and the electron in the final 
state are polarized. Numerical estimations have been done for all observables for the 
PANDA experimental conditions using models for the nucleon electromagnetic form 
factors in the time-like region. The radiative corrections to the differential cross 
section are calculated as function of the beam energy and of the electron angle. 



I. INTRODUCTION 

The precise knowledge of electromagnetic (EM) nucleon form factors (FFs) is of great 
importance for testing models which describe the internal structure of the nucleon. The ex- 
perimental determination of the nucleon FFs in a wide range of momentum transfer squared, 
g^, can be compared with QCD theoretical predictions from the nonperturbative regime (low 

values, where nucleon FFs describe the nucleon charge distribution and the magnetization 
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current) to the perturbative regime (high values, where FFs contain information about 
the quark content of the nucleon). 

A large number of experiments has been done and a large program is foreseen in next 
future to measure FFs of protons and neutrons. In the space-like region (g^ < 0), accessible 
through scattering experiments, FFs are real functions of one variable, q^. The electric and 
magnetic FFs were individually determined for proton and neutron (see, for example, the 
review Q). Duriug the last ten years, the preeise determination of the ratio of the electrie 
and the magnetic proton FFs, Ge/Gm-, has been done up to ~ 9 GeV^ [2(] thanks to 
the possibility to apply the polarization method firstly suggested in Ref. jsl. These precise 
data lead to the unexpected result that the charge and magnetization distribution have a 
different behavior, as a function of g^, contrary to what was earlier assumed on the basis of 



unpolarized cross section measurements, based on the Rosenbluth separation j4|. 

In the time-like region (g^ > 0), accessible through annihilation experiments as p + 
p ^ + e~ , form factors are complex functions of the variable g^. The experimental 
determination of the moduli of FFs has not yet been done, due to the low statistics, and a 
generalized FF is extracted from the data under the assumption Ge = Gm, or Ge=0- Few 
data points on the neutron FFs jsl suggest that the neutron FF is larger than the proton FF. 
Recently, the BaBar collaboration j6[ found that the ratio \Ge/Gm\ is significantly larger 
than unity, in disagreement with an earlier measurement from the LEAR experiment [TJ , 
in the near threshold region. 

In this paper we consider the reaction 

P{Pi) + P{P2) e~{ki) + e+(/c2), (1) 

where the notation of the particle four momenta are given in parenthesis. 

The annihilation reaction p + p — )■ + £ = e or is of particular interest for the 
determination of the nucleon EM FFs in the time-like region. 

It was firstly considered in Ref. 8| in case of unpolarized particles. The expression of 
the differential cross section was given in the center of mass (CMS) and in the Laboratory 
(Lab) systems. 

The general case of polarized initial particles (antiproton beam or/and proton target) 
in the reaction ([T]) was firstly investigated in Ref. j9|, with particular attention to the 
determination of the phases of FFs. The relations between the measurable asymmetries in 
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terms of the electromagnetic FFs, Gmp and G^p, were derived. More recently in Ref. [lO| a 
global analysis was performed of the available experimental data of the nucleon EM FFs in 
the space-like and time-like regions. The results allowed to predict the behavior of different 
polarization observables in the time-like region, where data are absent. 

All these works assume that the annihilation occurs through one photon exchange. The 
general analysis of the reaction ([1]) in the presence of two photon exchange was done in Ref. 



The expressions of the cross section and of the polarization observables were derived 



in terms of three complex amplitudes. It was shown that the extraction of the EM FFs is 
still possible, in principle, and the strategy to perform such experiment was given. 

At large energies, radiative corrections play an important role and can not be neglected 
as they modify not only the absolute value of the observables but also their dependence 
on the relevant kinematical variables. Radiative corrections to reaction ([1]) where recently 
analyzed in Ref. 12|, for virtual, real soft and hard photon emission, in case of structureless 
proton in the reaction CMS. 

The expressions for the cross section and polarization observables in the reaction ([T]), 
derived in the previous works, were preferentially given in CMS system. 

The renewed interest for reaction ([1]) is related to the physics program of PANDA, FAIR, 
where a high intensity antiproton beam of momentum up to 15 GeV/c will be available. 
PANDA is a fixed target experiment, therefore, it is useful to study this reaction in the 
Lab system. The possibility to polarize antiproton beams is under investigation. In this 
paper model independent expressions of the differential cross section and of the polarization 
observables, in terms of the EM FFs, are explicitly given in the Lab system. Radiative 
corrections due to the emission of virtual and real soft photons are also calculated and they 
are shown to depend on the scattering angle, unlike in CMS case. Polarization observables 
have been investigated in the case when the antiproton beam, the target and the final 
electron are polarized. Numerical estimations are done for two particular models for the 
nucleon EM FFs in the time-like region. The dependence on the beam energy and on the 
electron scattering angle of the radiative correction factor to the differential cross section is 
quantitatively illustrated. 
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II. DIFFERENTIAL AND TOTAL CROSS SECTIONS 

Let us consider the process (1) in the general case of polarized beam and target and 
measuring the polarization of the outgoing electron. The starting point of our analysis of 
this reaction is the following spin structure of the matrix element in one photon exchange 
approximation 

M = --^ji^J/j,, with = u{ki)'^^v{k2), (2) 

and 

J. = ^(Pi)[Gm(07m + §^2(?^)]^(P2), 

where P = {pi —p2)/2, pi (^2) and /c2 {ki) are the four-momenta of antiproton (proton) and 
positron (electron), respectively; — {pi +^2)^, M is the nucleon mass. The quantities 
Guiff) and F2{q^) are the magnetic and Pauh nucleon electromagnetic FFs, respectively, 
which are complex functions of the variable q^. The complex nature of FFs in time-like 
region is due to the strong interaction between proton and antiproton in the initial state. 
We use below the Sachs magnetic G'm(q'^) and charge GE{(f) nucleon FFs which are related 
to the Dirac nucleon FF Fi{q^) and to ^2(5^) as follows 

Gm^F^ + F2, GE^F,+rF2, ^ = (3) 

Then the differential cross section of the reaction (1) can be written as follows in Lab. system 
(the averaging over the spins of initial particles is not taken into account here): 

^ = J^^''^ -P cos 9)-^ L^,H^,, V = j^^Jt: = J^j;, (4) 

where a is the electromagnetic structure constant, W = E + M is the total energy of the 
reaction, E{p) is the energy (momentum) of the antiproton beam in the Lab system, Ei is the 
energy of the detected electron, 6 is the angle between the momentum of the antiproton beam 
and of the electron. The energy of the emitted electron, Ei, has the following dependence 
on the electron production angle: 

^ M(E + M) 

M + E-PCOS0 ^ ' 

Here and below the electron mass is neglected. 

The leptonic tensor for the case of unpolarized electron and positron has the form 

= -2g2^^, + ^{k^^k2. + A;i,A;2^) (6) 
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The part of the leptonic tensor which corresponds to the longitudinally polarized electrons 
has the form 

L(f;') = 2i< ^vqh >, (7) 

where < ^vah >= e^ypaaphfj. The other components of the electron polarization (transverse 
and normal) lead to a suppression of the polarization observables by a small factor m/M, 
where m is the electron mass. 

Taking into account the polarization states of the antiproton beam and proton target, 
the hadronic tensor can be written as the sum of four tensors as follows: 

H^, = H^,{0) + H^,{si) + H^,{s2) + H^,{si, S2), (8) 

where tensor H^^iQ) corresponds to the unpolarized beam and target, the tensor 
Hfj,u{si){Hfj_i,{s2)) describes the production of e~^e" pair by polarized antiproton beam (pro- 
ton target) and tensor Hf^^{si, S2) corresponds to polarized beam and polarized target. Here 
Siij.{s2ii) is the antiproton (proton) polarization four- vector which satisfies following condition 
■ Si = {p2 ■ S2 = 0). 

The general structure of the spin independent _f/'^i^(0) tensor is described by two standard 
structure functions and it can be written as 

HpM = Hi~g^, + H2P^P,, (9) 

where g^y = Qp.v — 'i^ilul'f'- One can get the following expressions for these structure functions 
for the case of the hadronic current given by Eq. ([2]) 



Hi = —2q'^\GM\'^, H2 



T - 1 



\Ge\'^ — t\Gm\'^ 



(10) 



In the Lab system, the differential cross section of the reaction ([T]) for the case of unpolarized 
particles has the form 



(El, 2r# 



D, D = 2Mt 



2{E - p cos e)\GM\^ - sin^ e { E\Gm\^ - —\Ge\^ 



T 



(11) 



where r = ^/{E - M)/{E + M), d = E + M — pcosO. This expression of the differential 
cross section coincides with the results obtained in Ref. jsj, after including a multiplicative 
factor E/p, which is missed in the original reference. One can see from ( |TT|) that the relative 
contribution of the electric FF decreases when the beam energy increases. 
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Let us consider the angle between the electron and the positron momenta, ^o- The 
electron energy can be expressed as a function of this angle as: 



E + M 



1 ± Wl - 



AM 



(E + M)(l -cos^o 



(12) 



Integrating the differential cross section (1111) one recovers the expression of the total cross 
section as in Ref. [8|: 

^tot = . \\Ge\' + 2t\Gm\'] . (13) 



3p{E + M) 



III. POLARIZATION OBSERVABLES 



The investigation of reaction ([T]) with polarized antiproton beam and/or polarized proton 
target carries information about the phase difference of the nucleon form factors (f) = (f)M—4'E, 
where 4>m,e = ArgGM,E- This phase difference is an important characteristic of the nucleon 
FFs in the time-like region. 

Let us consider the case when the antiproton beam is polarized. Then the hadronic tensor 
H^u{si) is described by three structure functions and it can be written as: 



(14) 



where ai^ =< fipiP2Si > and structure functions have the following expressions in terms of 
the proton form factors 

2 1" 



-2M\Gm\ 



Ml - r 
2 1 



RcGeG 



M 



\G '2 



(15) 



-IniGEG 



M- 



Ml-T 

The polarization four-vector of a relativistic particle, s^, in a reference system where its 
momentum, p, is connected with the polarization vector, in its rest frame by a Lorentz 
boost: 

s = X + 



P-XP _ - 

/ 771 I \ ' P ' Xy 

m[E + m) m 



where m is the particle mass. Let us define a coordinate frame in Lab. system of the reaction 
(1), where the z axis is directed along the antiproton momentum p, the y axis is directed 
along the vector pxki, {ki is the electron momentum), and the x axis forms a left-handed 
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coordinate system. Therefore, the components of the unit vectors are: p = (0, 0, 1) and 
ki = (sin 9, 0, cos 9) with p-ki = cos 9. 

The differential cross section, in the case when only antiproton beam is polarized, can be 
written as follows 

where Xi is the polarization vector of the antiproton in its rest frame and asymmetry Ay 
has the following form 

M 

DAy = 2—{E - M -pcos 9) sin 9ImGMG*E. (17) 

One can see that the asymmetry Ay{9) is determined by the spin vector component which 
is perpendicular to the reaction plane. The asymmetry Ay{9), being a T-odd quantity, does 
not vanish even in the one-photon-exchange approximation due to the complex nature of 
the nucleon FFs in the time-like region. This is principal difference with the elastic electron- 
nucleon scattering (space-like region) where the nucleon FFs are real functions. From Eq. 
f lT7|) . one can see that the Ay asymmetry vanishes at 6* = 0° and 9 = 180°. This is due to 
the fact that the single spin asymmetry is determined by a correlation of the following type: 
Xi ■ (p X ki). Therefore, it vanishes when the electron momentum is parallel or antiparallel 
to the beam momentum. 

Let us consider the case when the polarized antiproton beam annihilates with a polarized 
proton target. The corresponding hadronic tensor H^y{si, S2) can be written as: 



+iH 
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q ■ Sl{P^S2u + PuS2ti) - q ■ S2{P^J,Sl^ + PuSifi) 
q ■ Si{PuS2fi - PfiS2u) - q ■ S2{PuSl^ " P^hi 



q-Si , . 

Siu = Siu —qy. (18) 
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The structure functions have the following form 

Ha = ^{q^si- S2-2q- siq- S2)\Gm\'^, 



't-1 



ImGEG\[. 



T-1 



T-1 



q-Siq-S2 1^ 



2 

Ml , 



(19) 



The part of the cross section which depends on the polarizations of the antiproton beam 
and proton target can be written as follows 



(20) 



where X2 is the polarization vector of the proton in its rest frame and the spin correlation 
coefficients Gij has the following form 



t\Gm\ + \Gr 



DCyy = -2M^ sin^ 9 



— \Ge\'^ 



DG,, = 2Mi^2T{E - p cos 9)\Gm\^ - sin^ 9 



Et\Gm\^ + M\Ge\ 



DG,, = DG, 



2M 



{E + M)cos9 - p 



ReGMG*E- 



(21) 



One can see from Eq. ( IT71) that the measurement of the asymmetry Ay allows to determine 
the sin0 value. At the threshold q^ = 4M^ and Ge = Gm- As a consequence, Ay vanishes. 

The spin correlation coefficient G^z gives information about cos0. One can obtain a 
useful relation between these quantities: 

r {E + M)cos9 -p Ay 



tan( 



(22) 



sin0 E - M -pcos9 G^ 

The measurement of the spin correlation coefficients G^^ and Gyy allows to determine the 
the ratio of the FFs moduli through the relation: 

\Ge\ 



iGi] 



R+1 „ a 

r, R 



R-1 



(23) 



rM\ » -II. -■- ^yy 

The advantage of measuring the FF ratio as a polarization ratio, instead that from the 
unpolarized cross section, is that systematic errors associated to the measurement essentially 
cancel and radiative corrections are canceled, at least the multiplicative ones, or essentially 
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suppressed. Let us consider the polarization transfer coefficients when the antiproton beam 
is polarized and the polarization of the outgoing electron is measured. We consider only the 
longitudinal polarization of the final electron, because in this case the suppression factor is 
absent. Then, the polarization transfer coefficients are: 

DT^ = 2M{E + M - pcos 9) sine {ReGEG*M - 2\Gm\'^), 

DT, = {E + M){j)-2Ecose +pcos^e)\GM?- (24) 

One can see that the polarization observable is determined by the magnetic FF only. 

For completeness, we give here the non-zero spin correlation coefficients for the case of 
longitudinally polarized electrons 

DD,y = DDy, = -M{E + M - pcose)smeim{GMG%). (25) 

At the reaction threshold these polarization observables vanish. 



IV. VIRTUAL AND SOFT REAL PHOTON RADIATIVE CORRECTIONS 



Let us discuss QED radiative corrections, related to radiation from the leptons involved 
in the reactions. The virtual corrections to the unpolarized cross section and to the po- 
larization dependent terms, calculated in the Born approximation, can be computed in a 



factorized form from the real part of the electron Dirac FF. In the limit o 



the calculation, the Dirac FF for the electron can be written as follows 131] 



the accuracy of 



a 

IT 



A 



TT 



1 - in)ln + -L-\ l + ini-L 



3 



In- 



(26) 



Indeed, this is the correction to be applied to the unpolarized 
the leptonic tensor which are modified as 



and polarized ([7]) parts of 



^ Ll"j{l + r), r = 2Re{Fi'\q')} 



(27) 



The virtual correction factor 6^ contains a nonphysical auxiliary parameter - the photon 
mass A, which cancels when one takes into account the additional contribution due to the 
radiation of the real soft photon. Common assumption is that soft photon does not affect 
the kinematics of the based process. In such a case the corresponding contribution reads 



a 



47r2 



m 



+ 



m 



2{hk2 



\<uj<AE 



Xk2kf {kikf {kki){kk2)\ w 



(i^k 



(28) 
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where k (u) is the four-momentum (energy) of the soft photon, and AE is the maximum 
energy of photon. It must be added to 6^ in the modified lepton tensor. 
Introducing the obvious notation 

I = h + l2 + l3 

for the three terms in the integral of Eq. ( 1271) . the first two contributions are: 

Ji = An 



■ 2AE Ei + \ki\ 
In — ^ ^In 



A 



l^il 



m 



Att 



■ 2AE E2 , E2 + \k2\ 

In — —In 

A Ifcnl m 



(29) 



where Ei{E2) and ki{k2) are the energy and the momentum of the electron (positron). 

Concerning the J3 contribution in the Lab ststem, it is convenient to use the approach 
of t'Hooft and Veltman [1^ when calculating the integral in Eq. (l28l) . In framework of this 
approach, one can write: 



Air 



{kik2 



(5{kik2) - m' 



-In 



2l3{kik2) - m2 



-f3{k,k2) 



dx E^. Erp I k^- 1 
m 



El-kl%\ E, + \k, 



(30) 



where 



/3 = ^ 



kt 



Et-ni 



ik,k2) + ^{kik2y-m^ 
Ex — E2 



E, = l3xEi - (1 - x)E2, 
[I3{k^k2)-m% 



(31) 



fiEi — E2 

Let us stress that that quantity E"^ — k^ does not contain terms proportional to x^. 

After some algebraic transformations the second term in the brackets of the right hand 
side of Eq. (!30|) can be written in terms of dimensionless quantities 

^max 



-/3{k,k2 



(3{kik2) — w? 



1 1 

+ 



In 



(32) 



where the limits of integration and the quantity t] are defined as follows 



V V 

2E2V-m^ AI3{I3E2- E^){I3E^- E2] 



I3{kik2)-m^ _ m\l3^ - 1) 
f3Ei -E2 ~ 2{f3Ei - E2) 



m2(/32 - 1)2 



(33) 
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Note that contribution (132!) does not change under the substitution (3 — )■ Therefore, we 
can use the equivalent expression : 

1 



In the considered case, the energies of the electron and positron are large compared to 
the mass and in the limit of the accuracy, the terms proportional to vn? jEf and vn^ jc^ can 
be neglected. In this approximation, one has 



2E1E2 



(fcifcs) ' JeI ' ^'"'^^ ^ AEl ' 

and all integrals in Eq. ( l32l) have a simple form. The whole soft correction 5^ reads (see 
also Ref. pj) 



in 



1 - 



(34) 



5' = ^ 

TT 



2(L - l)ln^ + {L- l)ln 



A 



EiE 



2 1 



0E2 



IT 



-In'— + Lt, 

2 El 3 



f 2EiE2 -h-k2 

V ^2 



Finally, the radiative correction factor 6, due to virtual and soft photon emission, is: 

^2 



a 



5 = 5^+5^ = - 

TT 



E1E2 2 2 El 3 \ 2E1E2 



(35) 



• (36) 



In a real experiment one can measure either the energy or the scattering angle of electron 
(or positron) relative to the antiproton beam direction. In the first case we must use Ei 
and suppose E2 = E + M — Ei. In the second one we have to express Ei through scattering 
angle, namely 

^' = mTp^"^^ r = ,^ = 2M(E + M). 

M + E — p cos 

The differential cross section, taking into account virtual and soft real photon radiative 
corrections, can be written as follows: 



da 



[l + S) 



dao 



(37) 



where the expression for the radiative corrections 5 is given from Eq. fl36|) . Let us note that 
in the approximation used here polarization observables do not require radiative corrections. 



V. NUMERICAL RESULTS 



Numerical calculations have been done for for antiproton energies E = 2 GeV and E = 5 



GeV. This energy region will be accessible by the PANDA experiment 



lej at FAIR Pj 
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8 10 12 14 16 18 20 



q2 [GeV^] 



Figure 1: Generalized proton FF extracted from the data (triangles), pQCD parametrization (red 
dottedjine), VDM parametrization of FFs Gm (black solid line) and Ge (black dashed line) from 
Ref. lisi. 



we chose two parametrizations for time-like 



In line with previous works (see Refs. 

FFs. The first one is based on the vector dominance models of Ref. [l9|]. The second one 
is a pQCD inspired parametrization, based on analytical extension of the dipole formula in 
time-like region: 

A 



A = 96.21 [GeV/c] 



(38) 



s2 [log'(s/A2) + 7r2] 

where A = 0.3 GeV is the QCD scale parameter and the value of A has been fitted to the 
existing data. 

The generalized proton FF, \Fp\, as it is extracted from the experimental data (assum- 
ing Ge = Gm) is shown in Fig. [H as well as the two parametrizations. Although these 
parametrizations reproduce well the existing data on the generalized FF, their predictions 
for the differential cross section as well as for the others observables differ essentially. 

Polarization observables are illustrated in Figs. [2] and [31 as a function of the electron 
emission angle, for the two different parametrizations of the time-like form factors, and for 
antiproton energy E = 2 GeV and E = 5 GeV. 

One can see that the two parametrizations give similar results at the lowest energy, but 
diverge as the energy increases, as they are less constrained by the existing data. Moreover, 
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2- (a) 


(b) 


D- ^^^^^^^^^^^^ 
2!- 




1 

- (c) 




2 (e) 

3 -"""'^^^^^"^^^ 





COS e cos e 

Figure 2: Polarization observables for p+p — )• e"*" + e~ as a function of cos0 at i?=2 GeV for VMD 
parametrization of FFs (black, solid line) and according to Eq. ([38]) (red, dashed line). The inserts 
correspond, respectively: (a) to Ay\ (b) to Dyz = Dzy ;(c) to Cyy] (d) to Czz', (e) to Cxx', (f) to 

Czx — CxZ' 

the pQCD inspired parametrization is real, therefore the observables Ay and Dyz = Dzy, 
which are proportional to the imaginary part of the FFs product, vanish. In general, the 
observables have a smooth angular dependence in the Lab system. The observables Czz, Cxx 
and Cxz have large values at forward angles. Cyy is particularly sensitive to the relative size 
of the electric and magnetic contributions: the two parametrizations predict a different sign 
for this observables. 

The polarization transfer coefficients, according to Eq. ( I24l) are shown in Figs. H] and [5] 
for E = 2 GeV and E =5 GeV respectively. Tz is maximum (in absolute value) at forward 
and backward angles. 

The differential cross section is shown in Fig. |6]for E=2 GeV, and for the two different 
parametrizations. The relative phase of the FFs is shown in Fig. [7] as a function of the 
total energy. The radiative correction factor 6 which takes into account virtual and real 
corrections is shown in Fig. |8l for two values of the antiproton beam energy and of the 
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Figure 3: Same as Fig. O for = 5 GeV. 




-1 -0.5 0.5 1 -1 -0.5 0.5 1 
COS 6 COS e 



Figure 4: Polarization transfer coefficients (a), (b) as a function of cos^ at E=2 GeV for 
VMD parametrization of FFs (black, solid line) and according to Eq. (I38p (red. dashed line). 




-1 -0.5 0.5 1 -1 -0.5 0.5 1 

COS e COS e 

Figure 5: Same as Fig. [H for E=5 GeV. 
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Figure 6: Differential cross section for the two FFs parametrizations, at E=2 GeV. 

^20 
c 

(0 

10 


-1C 

4 6 8 10 12 14 16 18 20 
q2 [GeV^] 

Figure 7: Relative phase of FFs, as a function of q'^ for VDM model (black solid line). The phase 
vanishes in pQCD model (red dashed line). 

parameter AE, the maximum energy of the undetected photon. These corrections which 
lowers the value of the cross section, strongly depend on the kinematical cut: they are larger 
when AE is smaller. They are also larger at forward angle and when the incident energy 
increases. 
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-1 -0.5 0.5 
COS0 



Figure 8: Radiative correction factor 5 as a function of cos 9, for E = 5 GeV and AE = 0.03 E 
(black, solid line), for = 5 GeV and AE = OME (black, dashed line), for E = W GeV and 
AE = 0.03 E (red, dotted line), for E = 10 GeV and AE = 0.01 E (red, dash-dotted line). 

VI. CONCLUSIONS 

We have studied the properties of the annihilation process p + p — > e'^ + e~. We have 
derived the expressions of the cross section and of all polarization observables, in terms of 
the FFs. The properties of these observables in different kinematical conditions have been 
discussed as well as their dependence on two different parametrizations of time-like nucleon 
FFs. 

The chosen parametrizations equally well reproduce all four nucleon FFs in the space and 
time-like regions, but may lead to very different predictions for polarization observables. For 
example, the spin polarization coefficients Cyy and Czz which contain the difference of the 
electric and magnetic FFs, and the polarization transfer coefficient take values of opposite 
sign. The difference among these parametrizations, which is visible also in the size of the 
differential cross section (the shape being mostly determined by the one photon exchange 
mechanism), increases with the antiproton beam energy. 

We showed that the asymmetry Ay and the spin polarization coefficient D^y (for longi- 
tudinally polarized electron) are sensitive to the phase difference of the proton FFs 0, since 
they are proportional to the imaginary part of the FF product. An explicit relation for the 
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experimental determination of this phase has been given. 

First order radiative corrections to the reaction p + p — > e"*" + e~, due to virtual and 
real soft photon emission, including the effects of nucleon FFs, have been calculated. In the 
laboratory system, they depend on the lepton production angle, unlike the CMS case. The 
present results show that radiative corrections have a peculiar angular dependence and they 
are large for near forward production. The radiative corrections are negative and their value 
is of the order of 10%, in the kinematical conditions considered here. Their dependence on 
the soft photon energy cut and on the total energy have been calculated. 

All the results have been given in the laboratory system, what will allow an easier inter- 
pretation of the experimental data. 

This analysis will be especially useful in view of the future experiments planned at the 
FAIR facihty, at GSI. 
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